ABSTRACT: Demand for ionically conducting materials, as membranes and electrodes, is one of the driving forces of current research in chemistry, physics, and engineering. The lithium ion is a key element of these materials, and its assembly into nanostructures and mesophases is important for the membrane and electrode technologies. In this investigation, we show that hydrated lithium salts (such as LiCl·xH 2 O and LiNO 3 · xH 2 O, x is as low as 1.5 and 3.0, respectively) and pluronics (triblock copolymer such as PX where X is 65, 85, 103, and 123) form lyotropic liquid crystalline mesophases (LLCM), denoted as LiY·xH 2 O-PX-n (Y is Cl − or NO 3 − , and n is the salt/PX mole ratio). The structure of the mesophase is hexagonal over a broad salt concentration and transforms to a cubic mesophase and then to disordered gel phase with an increasing salt content of the mixtures. The mesophases are unstable at low salt contents and undergo a phase separation into pure pluronics and salt-rich LLCMs. The salt content of the ordered mesophase can be as high as 30 mole ratio for each pluronic, which is a record high for any known salted phases. The mesophases also display high ac ionic conductivities, reaching up to 21 mS/cm at room temperature (RT), and are sensitive to the water content. These mesophases can be useful as ion-conducting membranes and can be used as media for the synthesis of lithium-containing nanoporous materials.
■ INTRODUCTION
Nanostructured materials are important for the development of new advanced technologies, specifically, for clean energy. 1−4 However, nanoscale materials need to be designed or assembled (preferentially self-assembled) into the next scale (micrometer or larger) for practical applications. One approach to achieve this assembly is known as a lyotropic liquid crystalline (LLC) templating approach, where the surfactants or block copolymers are used as directing agents. 5−9 The LLC mesophase is a self-assembly process and consists of solvent and surfactant molecules. The phase behavior of oligo(ethylene oxide) (C n H 2n+1 (OCH 2 CH 2 ) m OH represented as C n EO m ) type nonionic surfactants and pluronics has been extensively investigated using various solvents such as water, 10−13 salt solutions, 14−16 room temperature ionic liquids, 17 supercritical carbon dioxiode, 18 some organic sovents, 19 oil−water mixtures, 20, 21 and some salts (salt−surfactant mesophases). 22 The salt−surfactant LLC mesophases have been known since 2001. 22 The metal salts act as a solvent in the salt−surfactant mesophase, 23 which can be beneficial for the synthesis of porous metal oxide materials for clean energy applications. 24 There are three important parameters (for a stable salt− surfactant mesophase and salt as a good solvent) for this assembly process, namely a low melting point, low deliquescent relative humidity (DRH), and a counteranion of the salt. 23−25 Lithium ion technologies are very important in clean energy applications, particularly in rechargeable batteries. 26, 27 Assembling lithium ions into LLC mesophase can be beneficial for these technologies as lithium ion gel electrolytes 28−33 and media for the synthesis of mesostructured lithium metal oxides as anode and cathode materials. 34−40 Moreover, these electrolytes and electrodes can be used for the development of the other technologies, such as solar cells, 41 fuel cells, 42 electrochromic devices, 43 etc. Most lithium salts (such as LiCl, LiBr, LiI, LiClO 4 , and LiNO 3 ) are known to form LLC mesophases with nonionic surfactants, such as 10-lauryl ether (C 12 H 25 (OCH 2 CH 2 ) 10 OH, C 12 EO 10 ) and 10-octadecyl ether (C 18 H 37 (OCH 2 CH 2 ) 10 OH, C 18 EO 10 ). 43 The salt−surfactant LLC mesophases exist because of the soft confinement effect (SCE). The SCE reduces the melting point (such as the melting point of zinc nitrate hexahydrate drops down to −52°C in the LLC phase of this salt and C 12 EO 10 ) 23 and also enhances the solubility of salts 43 in the hydrophilic domains of the LLC mesophases and as a result causes salt and highly concentrated salt solutions to act as a solvent in the salt− surfactant LLC mesophases.
The salt−pluronic mesophases (SPM) have been briefly investigated for some transition metal salts. 44 Pluronics are triblock copolymers (two poly(ethylene oxide)s on each end of a poly(propylene oxide) block in the middle, H(OCH 2 CH 2 ) n -(OCHCH 3 CH 2 ) m (OCH 2 CH 2 ) n OH, represented as PX, where X is a number related to molecular weight and percent ethylene oxide unit). The SPMs have rich mesostructures that include lamella, hexagonal, tetragonal, and cubic phases. 44 In this investigation, two different lithium salts (namely LiCl and LiNO 3 ) and four pluronics (P65, P85, P103, and P123) were investigated in their LLC mesophases using PXRD, POM, FTIR, Raman, and ac impedance conductivity measurements. Notice that these surfactants have been chosen from large group of pluronics and have 50% and 30% ethylene oxide units with a low and high molecular weight. Therefore, the effect of ethylene oxide units on the mesophases has been investigated. The lithium-containing LLC mesophases can be useful as a lithium ion gel membrane and as a reaction media for the synthesis of large pore mesoporous lithium metal oxides, which are also important in the development of lithium ion batteries. Toward these goals, the LLC mesophases of the lithium salts with pluronics need to be explored.
■ EXPERIMENTAL PART
Preparation of the Samples. Samples were prepared as gels and solutions with the compositions given in Table 1 . The solution samples are easy to prepare and are spin-coated over a substrate which allows quick evaporation of the excess water and leaves behind an LLC mesophase of the corresponding salt and pluronic. In a typical preparation of a solution, 0.125 g of LiCl (or 0.203 g of LiNO 3 ) was dissolved in 5 mL of water, and then 1.0 g of P65 was added and the solution was stirred for 60 min to ensure homogenization and labeled as LiCl (or LiNO 3 )·xH 2 O-P65-10 (where 10 is the salt/P65 mole ratio). All other compositions were prepared by only changing the amount of the salt to vary the salt/pluronic mole ratio between 1 and 30 and were labeled as LiCl (or LiNO 3 )·xH 2 O-PX-n (X is 65, 85, 103, and 123 with average molecular weights of 3400, 4600, 4950, and 5750 g/mol, respectively, and n is the salt/PX mole ratio). The gel phases were prepared like solution phases, except the amount of water was kept as little as 1.5−3 waters per lithium salt, and the homogenization was carried out over 2 days in a shaking bath at 80°C. The contents of the samples after spin-coating of the solution and after spreading of the gel phases are more or less the same.
Instrumentation. The X-ray diffraction (XRD) patterns were recorded on a Rigaku Miniflex diffractometer using a high-power Cu Kα source operating at 30 kV/15 mA and a wavelength of 1.5405 Å. The measurements were carried out by spreading the samples on glass slides by spin-coating. The measurements were done at various scan rates (ranging from 0.1 to 1 θ/min) at 0.01 data intervals. The polarized optical microscopy (POM) images were obtained in transmittance mode by using a ZEISS Axio Scope.A1 polarizing optical microscope with a Linkam LTS350 temperature controlling stage attached to the microscope. The temperature control was performed by using a LinkamT95-LinkPad temperature programmer attached to the stage. The Fourier transform infrared (FTIR) spectra were recorded using a Bruker Tensor 27 model FTIR spectrometer. A Digi Tect TM DLATGS detector was used with a resolution of 4.0 cm −1 in the 400−4000 cm −1 range. The spectra were recorded by either spreading the samples on silicon wafers or sandwiching them between two silicon wafers in order to prevent the evaporation of water. The FTIR spectra of the samples were collected using 128 scans. The micro-Raman spectra were recorded on a LabRam confocal Raman microscope with a 300 mm focal length. The spectrometer was equipped with a Ventus LP 532, 50 mW, diode pumped solid-state laser operator at 20 mW, with a polarization ratio of 100:1, a wavelength of 532.1 nm, and a 1024 × 256 element CCD camera. The signal collected was transmitted via a fiber-optic cable into a spectrometer with 600 grooves/mm grating. The Raman spectra were collected by manually placing the probe tip on the desired point of the sample over the glass or silicon wafer. The ac impedance conductivity measurements were performed using a Gamry G750 potentiostat/galvanostat with a homemade conductivity cell equipped with two stainless-steel electrodes. The cell constant for the conductivity cell was determined by using a standard solution of KCl at room temperature (RT). The measurements at RT were performed by immersing the conductivity cell in a water bath. 20 Table 1 ). All the samples with a low salt content have leached out some surfactant crystals, due to insufficient amount of salt to organize surfactant molecules into mesophases. However, at very high salt concentrations (above 30 salt/pluronic mole ratio) the systems leached out the salt crystals slowly over time. The fresh samples with an intermediate composition form homogeneous and stable mesophases (salt or pluronic crystals were not observed over 6 months by means of PXRD, microscopy and spectroscopy). The structure of the LiY·xH 2 O-PX-n (where Y is Cl − or NO 3 − ) mesophases were identified using PXRD patterns and POM images of the samples that were either spin-coated over a glass surface or drop-casted from a homogenized LiCl (or LiNO 3 ), water, and pluronic solution. Table 1 also summarizes the phase behavior of the samples of various pluronics (P65, P85, P103, and P123) and hydrated lithium salts (LiCl and LiNO 3 ).
The LiCl·xH 2 O-P65-n samples, with a broad range of LiCl concentrations, display small-angle diffraction lines in the 2θ range of 1.0°−5.0°. Figure 1 shows the XRD patterns of the LiCl·xH 2 O-P65-n (where n is 8, 12, and 15) samples and a representative POM image under ambient conditions. The diffraction patterns are characteristic for the 2D hexagonal LLC mesophase with a unit cell parameter a of 87.1 Å. The hexagonal LLC mesophase is observed between 6 and 15 LiCl/ P65 mole ratios. The unit cell parameter increases with an increasing salt concentration, and it was calculated as 96.7 Å for n = 15. The cubic mesophase exists above 15 and extends up to a 25 LiCl/P65 mole ratio. Above a 25 mole ratio, the mixture is still gel-like but does not diffract at small angles (see Figure S1 ), indicating a disordered mesophase. Figure 2 ). The hexagonal mesophase was observed between 8.0 and 15.0 LiCl/ P85 mole ratios in the LiCl·xH 2 O-P85-n. Under a salt to surfactant mole ratio of 8.0, some surfactant molecules crystallized and were leached out from the mixture. However, the characteristic fan texture of the LLC hexagonal mesophase was observed under the surfactant crystals (see Figure S3 ). This indicates that the salt concentration was not enough to organize the surfactant molecules into an LLC mesophase below 8.0 LiCl/P85 mole ratios. The mixtures undergo a phase separation into salt-free (pure surfactant) and salt-rich (LLC) domains at low salt concentrations, demonstrating that the mesophase is one of the stable phases of the salt−surfactant mixtures.
The LLC mesophase of the LiCl·xH 2 O-P103-n samples is also birefringent over a broad range of salt concentrations, under the polarized optical microscope, indicating the presence of the hexagonal mesophase (see Figure 3) . The PXRD data and POM images collectively provide insights into the structure of the mesophases. The first diffraction line is most likely below 1.0°of 2θ; therefore, it could not be detected by our diffractometer in its current setup. 45 Notice that P103 is a much larger molecules compared to both P65 and P85 and forms much larger unit cells; therefore, the first diffraction line must be at smaller angles. 45 The POM images of these samples display fanlike textures under ambient conditions, also indicating the presence of the hexagonal LLC mesophase (see Figure 3) . Therefore, the POM images and PXRD patterns were collectively used to identify the structure of the LiCl· xH 2 O-P103-n samples, and the data show the presence of hexagonal mesophase between the 6 and 12 salt to surfactant mole ratios. At higher salt concentrations, the mesophase is usually cubic and displays no texture under the POM. Figure S4 displays the diffraction pattern of all the LiCl·xH 2 O-P103-n samples. For example, the sample where n is 15 displays five diffraction lines that could be indexed to (100), (200), (300), (400), and (500) with a unit cell parameter a of about 128.7 Å. Even though the phase is hexagonal, one observes only planes along the same direction, indicating that the mesophase is quite oriented. The POM images of the LiCl·xH 2 O-P103-15 sample have no texture and are completely dark between the crossed polarizers, which confirms the presence of a cubic mesophase. The diffraction lines disappears at around 20.0 LiCl/P103 mole ratio; the ordered LLC mesophase was not observed at higher salt concentrations, although the samples were still gel-like (see Figure S4 ). Notice also that the surfactant separation in the LiCl·xH 2 O-P103-n mesophases occurs at lower salt concentrations. The origin of the surfactant separation, at low salt concentrations, can be attributed to the percent EO units of the pluronics. Notice that both P65 and P85 have about 50% ethylene oxide blocks compared to 30% in P103 and P123. Therefore, the surfactants with more EO units (such as in P65 and P85) require more salts to minimize the surfactant− The PXRD patterns of the LiCl·xH 2 O-P123-n samples, where n is between 6 and 30, also display diffraction lines at small angles. The samples are birefringent and display a fan texture under the polarized optical microscope over a broad range of salt concentrations, indicating the presence of the hexagonal mesophase (Figure 3) . The small-angle diffractions correspond to (200), (300), and (400) and provide a unit cell parameter a of 134.3 Å. At higher salt concentrations, the diffraction lines shift to higher angles, and the POM texture disappears like in the other pluronic systems. This means that there is a phase change at around the 15 salts to surfactant mole ratio (see Figure S5 ). The sample with a 30 LiCl/P123 mole ratio and above does not diffract at small angles. Hence, there is either no LLC mesophase at higher salt concentrations or the phase is completely disordered (which has not been further investigated). In all LiCl·xH 2 O-pluronics, the mesophases are hexagonal in the intermediate and undergo phase changes from a hexagonal to cubic mesophases and from a cubic to a disordered phases with increasing LiCl mole ratios. The LiCl/ pluronic mole ratio can be increased up to 30. The mesophase at low salt concentrations leaches out the excess surfactants. The mesophases are stable for months under ambient conditions in the intermediate salt/surfactant mole ratios.
To extend the salt−pluronic systems, we also investigated the LiNO 3 ·xH 2 O-P103-n and LiNO 3 ·xH 2 O-P123-n samples using the PXRD and POM techniques. The LiNO 3 ·xH 2 O-P103-n samples display small-angle diffraction lines, where the first line is observed at around 2.0°2θ. The intensity of the first diffraction line decreases and shifts to lower angles with an increasing salt concentration (see Figure S6) . The diffraction patterns of the spin-coated samples have three different diffraction lines that can be indexed to the (200), (300), and (400) planes of the hexagonal mesophase, indicating an orientation along the [100] direction. The samples between 8 and 15 salt to surfactant mole ratios have a hexagonal mesophase with a cell parameter a of about 104.4 Å (see Figure S6 ). It is also important to note that the POM images display a characteristic fanlike texture between 6 and 15 in the LiNO 3 ·xH 2 O-P103-n samples. Figure S7 displays the diffraction pattern of the LiNO 3 ·xH 2 O-P123-n samples under ambient conditions. The diffraction pattern is characteristic of a 2D hexagonal LLC mesophase with a unit cell parameter a of about 121.2 Å. The patterns have three diffraction lines that can be indexed to the (100), (200), and (300) planes of the hexagonal mesophase. The diffraction lines gradually shift to lower angles up to a 15 mole ratio, where the hexagonal to cubic mesophase change occurs (see Figure S7) , and then shift to higher angles, starting from the 15 LiNO 3 /P123 mole ratios, and the characteristic fan texture of the hexagonal LLC mesophase disappears at high salt concentrations. The phase transition from the hexagonal to cubic LLC mesophase occurs at around a 15 salt to surfactant mole ratio. The LLC mesophase of the LiNO 3 ·xH 2 O-P123-n is stable and ordered up to n = 25.
According to the PXRD and POM data, the LiCl·xH 2 Opluronic samples display hexagonal mesophases over a broader range of salt concentrations than the LiNO 3 ·xH 2 O-pluronic systems. Moreover, the hexagonal to cubic phase transition occurs at lower salt concentration in the LiNO 3 ·xH 2 Opluronics systems. Also notice that the unit cell of the LiNO 3 ·xH 2 O-P103-n is about 15−20% smaller compared to the LiCl·xH 2 O-P103-n, and it is 10% smaller in the P123 systems. All these trends are related to the Hofmeister series in that the NO 3 − ion has a more water structure breaking nature than that of the Cl − ion. Therefore, chloride ions make the pluronics less hydrated with water molecules and enhance the interfacial curvature of the pluronics. Simply, the nitrate ions carry water to the vicinity of hydrophilic−hydrophobic interface region in the LLC mesophase. Similarly, the nitrate ions enhance the hydration of the hydrophilic ethylene oxide units, and the interfacial curvature increases again and results in smaller unit cells. The increase in the concentration of water structure breaking ions leads to an increase in the repulsive forces between the hydrophilic units. As a result, the hexagonal mesophase exists over a narrower range of salt concentrations in the LiNO 3 ·xH 2 O-pluronic mesophases. To elucidate the details of these interactions, we also measured the FTIR and Raman spectra of all the samples with different water contents.
Hydrated Salt−Pluronic Interactions: Spectroscopic Studies. The interactions, among the salt, water, and surfactants in the LiCl (or LiNO 3 )·xH 2 O-pluronic samples, have also been investigated by using FT-IR and micro-Raman spectroscopy. The samples were prepared by either spincoating from the solution phase over the silicon wafers or spreading over silicon directly from the LLC gel phase. The spectra were recorded under ambient laboratory conditions at RT and 22−25% relative humidity (RH). The nitrate ion in the LiNO 3 ·xH 2 O-pluronics systems interacts with the lithium ion and the corresponding peak related to the nitrate ion broadens, as observed at around 1370 cm −1 , and dominates the FT-IR spectra. Figure 4 shows the FT-IR spectra of the pure pluronics (P103 and P123), LiNO 3 ·xH 2 O-P103-12, LiNO 3 ·xH 2 O-P123-12, LiCl·xH 2 O-P103-12, and LiCl·xH 2 O-P123-12 samples.
In the transition metal nitrate salt−surfactant LLC mesophases, the doubly degenerate antisymmetric stretching mode of the nitrate ion at around 1360 cm −1 splits into two nondegenerate modes as a result of coordination. 22 However, this splitting is not as strong in the LiNO 3 systems, since the LiNO 3 only forms ion-pair rather than Li−ONO 2 coordina- tion. 19, 41 On the other hand, some changes in the pluronic region were observed, showing that the surfactant molecules also display conformational changes due to the addition of salt into the media. The υ-C−O stretching region of the surfactant shifts to lower energy in the salted systems. This demonstrates that there is a hydrogen-bonding interaction between the hydration sphere of the ions (Li + and NO 3 − ) and the ethoxy groups of the surfactant molecules.
The LiNO 3 ·xH 2 O-pluronic mesophases were also investigated using micro-Raman spectroscopy. The peaks at 1030 and 1045 cm −1 are due to the hydrated ion pairs (Li + −NO 3 − ) and hydrated free nitrate (NO 3 − ) ions, respectively (see Figure  5 ). The intensity of the free nitrate ion is much stronger compared to the intensity of the ion-paired nitrate ions. Moreover, the intensity of the free nitrate ion peak increases with increasing salt concentration in the media, indicating that the majority of the nitrate and lithium ions are free ions in the media. The stretching modes of the CH 2 and CH 3 groups of surfactants also respond to the addition of salt into the media. Relatively sharper signals at 2868 and 2927 cm −1 get broader with the addition of salt species (see Figure 5) . The intensity ratio of these two peaks I(CH 2 )/I(CH 3 ) decreases with increasing salt concentration in the media, indicating conformational changes of the ethoxy and propoxy units of the pluronics, and it is consistent with the unit cell expansion in the mesophases with an increasing salt concentration. The change in the unit cell dimensions, phase changes, and change in the FT-IR intensities of the ν-CH 2 and ν-CH 3 stretching modes are all related to the conformational changes in the EO units of the pluronics in the mesophases.
The FT-IR spectra were also collected at various salts per surfactant mole ratios in order to understand the effect of anions on the phase behavior. Figure S8 displays the FT-IR spectra of different systems with an increasing salt concentration. The intensity of the ν-OH band of water at around 3100−3700 cm −1 increases with an increasing salt concentration (see Figure 6 and Figure S8 ). This means that the salt concentration determines the amount of water kept (hydration water) in the LLC mesophase. The salt ions are hydrated in the LLC mesophase, where the excess free water evaporates. Hence, the amount of water is directly proportional with the mole ratio of the salt in the media. It is also important to notice that the amount of water kept in the mesophases is larger in the LiCl system compared to the LiNO 3 system; compare the spectra in Figure 4 . Also notice that the molten surfactants have a ν-CO stretching maxima at around 1120 cm −1 . This band shifts to 1104 and 1100 cm −1 in the LiCl and LiNO 3 systems, respectively. The amount of water in the LLC mesophase also depends on the anion as was discussed in the PXRD section. The maxima of the ν-OH stretching band is at around 3400 cm −1 in the spectra of LiCl·xH 2 O-P123 and LiCl·xH 2 O-P103, 3470 cm −1 in the LiNO 3 systems, and 3530 cm −1 in the pure surfactant spectra (Figure 4) . The red-shift indicates that the interaction between the ions and water and the Cl − anions and water is stronger than that of the NO 3 − anions and water interactions.
In order to understand the role of water and the water up take of the samples, we also prepared five samples each of P103 with 10 LiCl and 10 LiNO 3 with water contents of 2, 5, 10, 15, and 20 water/salt mole ratios (total 10 samples). The FTIR spectra of the samples were recorded between two silicon wafers that prevent evaporation water. The spectra were normalized using the surfactant peak at 1456 cm −1 in order to obtain a calibration curve (the water content versus absorbance at 1645 cm −1 , bending mode of water) (see Figure S9) . Then, the FTIR spectra of some of above samples were also recorded by spreading over a single silicon wafer, where the excess water evaporates immediately upon spreading and reaches to an optimum water content, independent of the initial water content of the samples but dependent on the salt content. The peak at 1645 cm −1 was monitored for 24 h to make sure the water content in the sample is the final content ( Figure S10 ). Using these spectra and the calibration curve, we calculated the amount of water in the samples and determined that the nitrate samples keep around 1. . Notice that these quantities are much lower than the solubility of these salts in pure water (the minimum water required to dissolve 1 mol of LiNO 3 is around 7.0 mol of water molecules and that for LiCl is 4.3 mol of water molecules). Also note that the melting points of LiNO 3 and LiCl are 255 and 605°C, respectively. We established in our previous studies that confining salt species in the hydrophilic domains of the LLC mesophases depresses its melting point 11 and also enhances its solubility. 43 Even though the solubility of the LiNO 3 is lower than LiCl in water, the lower melting point of LiNO 3 makes it require less water in a stable LLC mesophase of LiNO 3 ·xH 2 O-P103-n. The above observations are also consistent with the current understanding of the Hofmeister effect, in that the Cl − ion is a water structure maker and keeps the structure of bulk water in the LLC media, where the NO 3 − ion is a structure breaker and breaks the structure of the bulk water and diffuses into the hydrophilic−hydrophobic interface of the LLC phase with the hydration sphere and therefore cannot hold much water.
Ionic Conductivity and Thermal Properties of Lithium Salt−Pluronic Systems. The ionic conductivities of the LLC mesophases of various lithium salt−pluronic systems were also measured by using ac impedance spectroscopy. Samples were prepared with the same salt and water mole ratios , where K is the cell constant and R is the measured resistance. Figure S11 indicates Nyquist plots of various samples, where the imaginary part of the impedance is equal to zero at the high-frequency region. The ionic conductivities of various LiCl· xH 2 O-pluronics were recorded in the range between 21 and 1.9 mS/cm. The highest conductivity was obtained from the LiCl· xH 2 O-P65 system as 21 mS/cm (see Table 2 ). The observed higher conductivity from the LiCl·xH 2 O-P65 system could be attributed to smaller size and segmental motion of P65. However, more detailed studies are required to elucidate the details of these phenomena.
Although all the samples were prepared with the same water to salt mole ratio, the amount of water in the mesophase stabilizes to 1.5 water molecules per LiNO 3 and 3.0 water molecules per LiCl in the samples over time. The excess water evaporates immediately, and the samples become stable in terms of the amount of water over time (see Figure S12) . According to the time-dependent FT-IR spectra of the LiCl· 200H 2 O-P65-10 sample, around 70% of water evaporates while spreading the samples over the silicon wafer and loses another 13.2% in first 5 min, and the total amount of water decreases to 15% (corresponds to 30 water for 10 LiCl) at the end of 9 h. Figure S13 shows the conductivities of the LiCl·xH 2 O-P65-n samples with an increasing water concentration. The ionic conductivity of the samples with 5.0, 7.5, 10.0, and 15.0 water/ salt mole ratios were recorded immediately. According to the conductivity data, the conductivity is proportional to the amount of water in the LLC mesophases. As the amount of water decreases, the resistance increases and so the conductivity decreases in the sample.
The LLC mesophases of LiCl·xH 2 O-pluronics and LiNO 3 · xH 2 O-pluronics were further characterized by determining the isotropization temperature (IT). The IT can be regarded as the melting point in some composition, but it can also be a hexagonal to cubic or disordered phase change in some other compositions. To fully elucidate the nature of the isotropization temperature in every composition, the phase diagram of each system needs to be constructed which require further investigations. The IT of the samples with 10 salts to surfactant mole ratio in all systems was determined by heating and cooling and was monitored using a polarized optical microscope. A small amount of sample was put on a microscope slide and sealed with a cover glass and taped in order to prevent evaporation of water from the mesophase during heating. ITs were recorded as the point where the characteristic fan texture of hexagonal mesophase disappeared, and a totally dark image was observed. ITs of the LiCl samples were determined to be in the range of 52−67°C, whereas the ITs of the LiNO 3 samples were between 78 and 83°C (see Table 2 ). It is obvious that the LiCl systems have lower ITs than those of LiNO 3 systems with the same surfactants. This is also related to Hofmeister series, where the Cl − ion has higher kosmotropic character than the NO 3 − ion. 12−14 Therefore, the Cl − ion has a higher tendency to increase the hydrogen-bonding network structure of water. This leads to an increase in the hydrophobic moieties and a decrease in the ITs of the LiCl systems. Similar trends were also observed for the melting points and cloud points of the mesophases. The cloud point is the temperature where the solutes are not completely soluble, and their precipitation gives a cloudy appearance to the substance. 46 The LiNO 3 systems have cloud points higher than 95°C and melting points higher than 100°C, which are much higher than those of the LiCl samples (see Table 2 ) and are consistent with their water uptake and the kosmotropic nature of the chloride ion.
■ CONCLUSION
Hydrated lithium salts (LiCl·xH 2 O and LiNO 3 ·xH 2 O) form stable lyotropic liquid crystalline mesophases with various pluronics (P65, P85, P103, and P123) over a very broad range of salt/surfactant mole ratio . The hydrated salt−pluronic mesophases are hexagonal and birefringent in the intermediate salt concentrations (usually between 5 and 15 salt/surfactant mole ratios) and transform to a cubic phase, followed by a disordered phase and finally to liquid phase with an increasing salt content. However, at low salt concentration, the pluronics leach out from the mesophase to form salt-rich hexagonal LLC mesophase and salt-free pure surfactant phase. The phase separation takes place up to a relatively higher salt concentration in the P65 and P85 systems that the likely reason is the stronger surfactant−surfactant interactions due to high ethylene oxide/propylene oxide ratios. However, P103 and P123 samples are stable even at lower salt contents. Therefore, increasing PPO/PEO ratio in the pluronics stabilizes the salt− pluronic mesophases by enhancing attractive hydrophobic interactions in the core regions (PPO region) and reducing repulsive forces in the ethylene oxide shell regions.
Furthermore, the mesophases can be dissolved in excess water to obtain the clear solution, which can then be coated as a thin film by spin coating over any substrate. The excess water evaporates almost immediately after spin coating to 1.5 H 2 O/ LiNO 3 and 3.0 H 2 O/LiCl mole ratios in the LiNO 3 and LiCl mesophases, respectively, to form their stable LLC mesophases. The spin rate and also the amount of excess water determine the thickness of the final LLC film. The mesophases have a high ionic conductivity, as high as 21 mS/cm at RT, and high melting points, as high as 115°C. 
